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Patent 

Attorney's Docket No. 025219-332 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re Patent Application of 

Lacour, et al. 
Application No.: Unassigned 
Filed: Herewith 

For: ELEMENTARY ANALYSIS DEVICE 
BY OPTICAL EMISSION 
SPECTROMETRY ON LASER 
PRODUCED PLASMA 



Group Art Unit: Unassigned 
Examiner: Unassigned 



PRELIMINARY AMENDMENT 

Assistant Commissioner for Patents 
Washington, D.C. 20231 

Sir: 

Prior to examination, please amend the subject application as follows: 



IN THE SPECIFICATION 

Please amend the specification by inserting before the first line the sentence: 
"This application is a national phase of PCT/FR00/03056, and International Application 
No. 99 13717, which was filed on November 3, 1999, and was not published in English." 
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IN THE CLAIMS : 

Please amend claim 3 as follows: 

3. (Amended) Device according to claim 1, in which the impact size of the laser beam on 
the object is greater than or equal to 1 /urn. 

Please amend claim 4 as follows: 

4. (Amended) Device according to claim 1, in which the displacement frequency of the 
object (2) between two laser pulses of the source (6) is greater than or equal to 15 Hz. 

Please amend claim 5 as follows: 

5. (Amended) Device according to claim 1, in which the source (6) is capable to emitting 
ultraviolet light. 

Please amend claim 6 as follows: 

6. (Amended) Device according to claim 1, in which the relative variation of energy 
between 1 laser pulse and the next does not exceed 5 % . 

Please amend claim 7 as follows: 

7. (Amended) Device according to claim 1, in which the diaphragm (8) comprises a 
circular aperture capable of selecting the central part of the laser beam output from the laser 
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source, the first optical means are refractive optical means, and the second optical means 
are refractive optical means comprising a microscope objective (12). 

Please amend claim 9 as follows: 

9. (Amended) Device according to claim 1, also comprising means (38) of blowing a gas 
jet onto the object (2). 

Please amend claim 10 as follows: 

10. (Amended) Device according to claim 1, also comprising: 

- means (32) of observing the object, so that the object can be placed in the image 
plane of the diaphragm and 

- a mirror (26) reflecting at the wavelength of the laser source and transparent at 
other wavelengths, this mirror being placed on the light path between the first and second 
optical means and designed to reflect almost the entire laser beam to these second optical 
means and to transmit an image of the object to the observation means. 

PLEASE ADD THE FOLLOWING CLAIMS: 

1 1 . Device according to claim 2, in which the impact size of the laser beam on the 
object is greater than or equal to 1 /urn. 
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12. Device according to claim 3, in which the displacement frequency of the object (2) 
between two laser pulses of the source (6) is greater than or equal to 15 Hz. 

13. Device according to claim 4, in which the source (6) is capable to emitting 
ultraviolet light. 

14. Device according to claim 5, in which the relative variation of energy between 1 
laser pulse and the next does not exceed 5 % . 

15. Device according to claim 6, in which the diaphragm (8) comprises a circular 
aperture capable of selecting the central part of the laser beam output from the laser source, 
the first optical means are refractive optical means, and the second optical means are 
refractive optical means comprising a microscope objective (12). 

16. Device according to claim 8, also comprising means (38) of blowing a gas jet onto 
the object (2). 

17. Device according to claim 9, also comprising: 

- means (32) of observing the object, so that the object can be placed in the image 
plane of the diaphragm and 
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- a mirror (26) reflecting at the wavelength of the laser source and transparent at 
other wavelengths, this mirror being placed on the light path between the first and second 
optical means and designed to reflect almost the entire laser beam to these second optical 
means and to transmit an image of the object to the observation means. 
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REMARKS 



Entry of the foregoing amendment to the Specification is requested to comply with 
the requirements of 37 C.F.R. 1.78(a)(2). 

The claims of the subject application have been amended to avoid multiple 
dependency. Favorable consideration of the subject application is respectfully requested. 

Attached hereto is a marked-up version of the changes made to the claims by the 
current amendment. The attached page is captioned " Version with markings to show 
changes made. " 



Respectfully submitted, 



Burns, Doane, Swecker & Mathis, l.l.p. 



By:^ 




Registration No. 25,885 



Post Office Box 1404 
Alexandria, Virginia 22313-1404 
(650) 622-2300 



Date: June 26, 2001 
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VERSION WITH MARKINGS TO SHOW CHANGES MADE 

In the claims: 

Claim 3, 4, 5, 6, 7, 9, and 10 have been amended as follows: 

3. (Amended) Device according to cither of claims 1 and 2 , in which the impact size of the 
laser beam on the object is greater than or equal to 1 um. 



4. (Amended) Device according to any one of claims 1 to-3, in which the displacement 
frequency of the object (2) between two laser pulses of the source (6) is greater than or 
equal to 15 Hz. 



5. (Amended) Device according to any one of claims 1 te-4, in which the source (6) is 
capable to emitting ultraviolet light. 



6. (Amended) Device according to any one of claims 1 to-5, in which the relative variation 
of energy between 1 laser pulse and the next does not exceed 5 % . 



7. (Amended) Device according to any one of claims l^e 6, in which the diaphragm (8) 
comprises a circular aperture capable of selecting the central part of the laser beam output 
from the laser source, the first optical means are refractive optical means, and the second 
optical means are refractive optical means comprising a microscope objective (12). 



9. (Amended) Device according to any one of claims 1 te-8, also comprising means (38) of 
blowing a gas jet onto the object (2). 



10. (Amended) Device according to any on e of claims 1 te-9, also comprising: 

- means (32) of observing the object, so that the object can be placed in the image 
plane of the diaphragm and 

- a mirror (26) reflecting at the wavelength of the laser source and transparent at 
other wavelengths, this mirror being placed on the light path between the first and second 
optical means and designed to reflect almost the entire laser beam to these second optical 
means and to transmit an image of the object to the observation means. 
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Claims 11-17 have been added. 
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AMENDED CLAIMS TO FILE WHEN ENTERING THE NATIONAL PHASE 



ELEMENTARY ANALYSIS DEVICE BY OPTICAL EMISSION 
SPECTROMETRY ON LASER PRODUCED PLASMA 



Technical field 

The invention relates to an elementary analysis 
device by optical emission spectrometry on laser 
produced plasma. This technique is carried out in a 
natural atmosphere . 

It is particularly applicable to testing and in 
situ characterization of test pieces of parts to be 
analysed . 

In particular, it is applied in the nuclear 
industry field for testing of radioactive materials. 

In particular, the invention is applicable to 
mapping of MOX (Mixed Oxide) fuel pellets. 

State of prior art 

The following document describing prior art, which 
the reader should refer to, describes an elementary 
analysis process for optical emission spectrometry on 
laser produced plasma in the presence of argon: 

[1] EP 0654663A (invention by N. Andre, P. 
Mauchien and A. Semerok) - see also FR 2712697A and 
US 5583634. 

The technique divulged in this document cannot be 
used to test MOX fuel pellets with sufficient 
resolution and at sufficiently high speeds. 

Remember that the MOX fuel used in nuclear 
reactors in the form of sintered MOX pellets contains a 
mix of plutonium oxide ( Pu0 2 ) and uranium oxide (U0 2 ). 



2 



The inspection on the fabrication of these pellets 
is an essential step in checking the specifications 
necessary for their use, particularly related to 
homogeneity of the Pu0 2 /U0 2 mix. 
5 It is necessary to have an inspection technique 

for measuring and distributing the concentration of 
uranium and plutonium in pellets and satisfying the 
specification for their manufacturing process, the 
essential points of this process being as follows. 

10 ♦ This technique must be capable of 

quantitatively describing objects with an average 
diameter of 10 pirn. It can be demonstrated that a 
"probe" with a spatial resolution three times smaller 
than the diameter of a given object is necessary in 

15 order to precisely describe this object. This means 
that the diameter of the measurement point for an 
application for MOX pellets must be about 3 ym. 

♦ The chemical elements that must be measured 
quantitatively at this scale are uranium and plutonium. 

20 ♦ The technique must enable the production of 

two-dimensional maps of pellets with different natures: 
firstly unbaked pellets (before entering into the 
furnace) that are brittle and porous, and secondly 
sintered pellets (after entering the furnace). The 

25 constraints for measurements on these two types of test 
pieces are very different. 

♦ Necessary preparation for the pellets to be 
analysed must be minimal, to be compatible with "on 
line" monitoring of an industrial manufacturing 

30 process. It must be possible to make the measurements 
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remotely to prevent contamination of the measurement 
instrument . 

♦ It must be possible to inspect several units of 
pellets for a campaign lasting for one day in order to 
5 satisfy inspection needs, the minimum inspection area 
being equal to about 1 mm 2 per pellet. 

Furthermore, it is desirable that the technique 
used should not generate any liquid radioactive 
effluents, that the nuclearised part of this technique 
10 should be minimized in order to limit work in the 
inspected area and that the measurement instrument 
should enable the analysis of radioactive test pieces 
without necessitating any particular preparation. 

Three main techniques are known for inspecting the 
15 uniformity of MOX pellets. 

The first two techniques are used to form the 
image of the surface of such a pellet. They make use 
of alpha autoradiography, that consists of measuring 
the emission of alpha particles by this pellet, and 
2 0 metallography attack that is a microscopic examination 
of a section of the pellet to which an acid treatment 
is applied (that leads to differentiated attack between 
Pu0 2 and U0 2 ) • 

The third technique is used to make a quantitative 
25 surface micro-analysis and uses an electronic 
microprobe to analyse emission of X-radiation induced 
by electronic bombardment of the pellet. 

Alpha autoradiography can only be used to obtain a 
qualitative image of elements emitting alpha particles. 
30 Thus, this technique detects all alpha emitters, for 
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example such as plutonium and americium, without 
discrimination . 

The resolution of this technique is of the order 
of 40 jum, which is not sufficient for the required 
5 performances (a few micrometers). 

Thus, alpha autoradiography can only very 
partially satisfy the specification for inspection of 
MOX fuel pellets. 

The reference technique for validating the 
10 fabrication process for sintered mixed plutonium and 
uranium oxide pellets is the analysis by electronic 
microprobe technique. The essential limitations of 
this technique are as follows: 

o Special preparation of test pieces to be 
15 analysed, which requires several hours of treatment, 

o The long measurement period in quantitative 
analysis, several tens of hours being necessary for the 
analysis of a 1000 jjvci x 250 ^m map with a resolution of 
3 jum, 

20 o The impossibility of making concentration 

distribution measurements in unbaked pellets, the high 
porosity of this type of pellets making measurement by 
microprobe long and difficult. 

Therefore, the electronic microprobe is not 

25 suitable for "in-line" inspection of the fabrication of 
MOX pellets. 

Metallographic attack is relatively long to 
implement. Furthermore, it generates radioactive 

effluents in the case of an analysis of radioactive 
30 materials such as MOX fuel pellets. 
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Most surface inspection techniques use charged 
particle beams that make the analysis of insulators and 
poor conducting test pieces such as MOX pellets much 
more difficult. These techniques are used under a 
5 vacuum and are incapable of isolating the detection 
system that could become contaminated during 
measurements on radioactive test pieces and needs to be 
shielded to make it unaffected by radiation. 

Optical methods, particularly optical emission 

10 spectrometry on laser produced plasma, are better 
adapted to the analysis of this type of material. In 
particular, the interaction of a laser beam with a 
material does not depend very much on the nature of 
this material. Furthermore, this interaction takes 

15 place at atmospheric pressure, and can be done directly 
in a glove box. The optical information resulting from 
this interaction can be collected by an optical fibre 
and analysed remotely by means of an instrument placed 
outside the radioactive confinement means. This can 

20 avoid contamination problems and facilitate 
maintenance . 

The following document, to which the reader should 
refer, describes an elementary technique for analysis 
of solid test pieces by optical emission spectrometry 
25 on laser produced plasma: 

[2] Measurement and Testing, contract MATl-CT-93- 
002 9, Study of emission spectroscopy on laser produced 
plasma for localized multielemental analysis in solids 
with imaging, November 1993 - April 1996, Final report, 
30 project coordinator: C.E.A. - Seclay DCC/DPE (France). 
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According to the technique described in document 
[2], a laser beam is focused onto a diaphragm by a lens 
and then aimed at a Cassegrain type objective 
(reflecting objective) that has an optical resolution 
5 of the order of 2 jum. The laser beam is focused onto 
the diaphragm to create an image on the surface of the 
test piece that is a combination of the images of the 
laser and the diaphragm. This cannot be used to 
produce imagery smaller than 6 to 8 jjm. 

10 This type of assembly also requires extremely 

precise positioning of the lenses to achieve the best 
performances and frequent readjustments are necessary. 

Furthermore, the Cassegrain objective has a 
central mirror that generates a central shadow area 

15 that causes a significant loss of the laser energy and 
thus limits the deposited energy or reduces the 
aperture used for the laser when working "off axis". 
Furthermore, the central mirror also generates 
diffraction. These points result in a loss of 

20 resolution. 

The technique described in document [2] reduces the 
performances in terms of spatial resolution to the 
point that the system is unusable. It cannot achieve 
sufficient spatial resolution for use with mapping of 

25 MOX fuel pellets. 

Disclosure of the invention 

The purpose of this invention is to overcome the 
disadvantages described above and more generally to 
30 propose an elementary analysis device based on optical 
emission spectrometry on laser produced plasma capable 
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of providing a high spatial resolution and usable for a 
high measurement rate while minimizing degradation to 
the surface condition of the analysed object. 

Its purpose is an elementary analysis device by 
5 optical emission spectrometry on laser produced plasma, 
this device being characterized in that it comprises: 

- a pulsed laser source 

- a diaphragm usable for selecting part of the 
laser beam emitted by the source, and possibly 

10 delimiting the shape of the impact of the laser beam on 
an object to be analysed, this laser beam not being 
focused in the plane of the diaphragm, 

- first optical means capable of projecting the 
image of the diaphragm to infinity, 

15 - second optical means designed to receive the 

image of the diaphragm projected to infinity by the 
first optical means and focusing it on the object to be 
analysed to produce plasma on the surface of this 
object, the assembly formed by the diaphragm and the 

20 first and second optical means also satisfying the 
following conditions: 

v the image of the diaphragm focused on the 

object is equal to the required dimension on this 
object (this dimension corresponding to the required 

25 spatial resolution, and for example being of the order 
of 1 ]jm to 10 jam) 

v the focal point of the laser beam, after 
crossing through the diaphragm and the first and second 
optical means, is outside the image plane of the 

30 diaphragm, 
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- means of analysing a light radiation spectrum 
emitted by the plasma, and 

- means of determining the elementary composition 
of the object starting from this spectrum analysis. 

5 The geometric lens entirely controls formation of 

the image of the diaphragm. 

If the energy added by the laser beam is ignored, 
it can be seen that the diaphragm is a real object 
placed in front of a lens, preferably composed 
10 refractively of one or several lenses. 

Therefore, this lens can be designed to project 
the image of the diaphragm to infinity. 

On the other hand, the laser light beam that is 
not focused in the plane of the diaphragm will not be 
15 perfectly parallel when it exits from this lens. 

Consequently, this beam will not focused in the 
plane of the image of the diaphragm after passing 
through the second optical means . 

Thus, it can be said that the optical set-up used 
20 means that the image plane of the diaphragm and the 
focal point of the laser do not coincide, so that the 
interaction size (analysis resolution) can be 
controlled . 

The invention enables the laser source to 
25 cooperate with the diaphragm and the first and second 
optical means to create a single laser pulse on the 
object with an impact with a power per unit area equal 
to 1 GW/cm 2 , this power per unit area preferably being 
equal to or greater than 10 GW/cm 2 . 
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According to a preferred embodiment of the 
invention, the second optical means have a digital 
aperture equal to or greater than 0.1. 

The size of the impact of the laser beam on the 
5 object may be greater than or equal to 1 /jm. 

Preferably, it is equal to about 3 jum for 
application for MOX pellets. 

However, in other applications, this size may vary 
from 1 fjm to 10 pirn. 
10 Preferably, the displacement frequency of the 

object between two source laser pulses is greater than 
or equal to 15 Hz, in order to reduce the analysis time 
while creating synchronization of laser firing at the 
same rate. 

15 A lower displacement frequency can also be used. 

A plate controlling continuous or step-by-step 
displacement of the object can be used. If the plate 
is displayed continuously, the pitch of the analysis is 
proportional to the plate displacement speed, and is 

20 inversely proportional to the laser firing repetition 
frequency . 

According to one preferred embodiment of the 
device according to the invention, the source can emit 
an ultra-violet light. 
25 Preferably, the relative variation in the energy 

from one laser pulse to another does not exceed 5%. 

According to one preferred embodiment of the 
invention : 

- the diaphragm comprises a circular aperture 
30 capable of selecting the central part of the laser beam 
output from the laser source, 
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- the first optical means are refractive optical 
means, for example comprising a compound lens, and 

- the second optical means are refractive optical 
means comprising a microscope objective. 

5 Preferably, the first and second optical means are 

anti-reflection treated for reflections at the 
wavelength of the light emitted by the laser source. 

According to a third embodiment of the device 
according to the invention, this device also comprises 
10 means of blowing a gas jet capable or increasing 
optical emission of plasma (for example an argon jet) 
onto the object. 

Preferably, the device also comprises: 

- means of observing the object, so that the 
15 object can be placed in the image plane of the 

diaphragm and 

- a mirror reflecting at the wavelength of the 
laser source and transparent at other wavelengths, this 
mirror being placed on the light path between the first 

20 and second optical means and designed to reflect almost 
the entire laser beam to these second optical means and 
to transmit an image of the object to the observation 
means . 

2 5 Brief description of the drawings 

This invention will be better understood after 
reading the following description of embodiments, given 
for information only and in no way restrictive, with 
reference to the attached drawings on which: 

30 v Figure 1 is a diagrammatic view of a particular 

embodiment of the device for optical emission 
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spectrometry on laser produced plasma according to the 
invention, and 

v Figure 2 diagrammatically illustrates an 
installation for analysis of MOX fuel pellets using the 
5 device in FIGURE 1. 

Detailed description of particular embodiments 

As we have seen, the invention is a device for 
optical emission spectrometry on laser produced plasma 
10 that can be used particularly for inspection of MOX 
fuel pellets. 

In order to carry out a microanalysis by optical 
emission spectrometry on laser produced plasma, a 
pulsed laser beam is concentrated at the surface of a 

15 test piece to be characterized, with a high irradiance, 
once focused on the test piece in order to produce a 
plasma composed of elements present within the first 
micrometers from the surface of the test piece. 

This plasma emits light radiation and the atomic 

20 and ionic lines of this radiation can be analysed in 
order to determine the corresponding concentrations of 
the different constituent elements on the surface of 
the test piece. 

When the test piece is moved, the concentrations 

25 of these elements can be distributed in order to draw 
up the elementary maps . 

This technique can be adapted to fast measurement 
of the distribution of the concentration of elements in 
MOX pellets with a resolution of 3 jum, so that 

30 according to the invention only one laser pulse per 
impact is necessary. 
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This characteristic of the invention is contrary 
to choices usually made in which it is preferred to use 
the average of several laser pulses for each impact. 

The advantage of this procedure is that it reduces 
5 the analysis time and gives better control over the 
depth and diameter of pellet ablation craters. 

Furthermore, in order to obtain representative 
measurements, the power per unit area "deposited" on 
the pellet is greater than 10 GW/cm 2 . Values of this 
10 order of magnitude can give ablation craters with a 
depth of only a few micrometers which do not 
significantly degrade the surface condition of the 
object . 

These values can also be used to make measurements 
15 on an object for which the surface irregularities are 
of the same order of magnitude as the requested spatial 
resolution . 

The means used to make measurements are chosen to 
be adapted to the laser powers used and to obtain 
20 impact sizes (diameter of ablation craters or lateral 
resolution) of about 3 micrometers. 

Pellet displacement means are chosen to obtain a 
spectrum acquisition frequency equal to or greater than 
15 Hz in order to improve the analysis speed. 
25 These characteristics give optical emission 

spectrometry on laser produced plasma an undeniable 
advantage compared with the other techniques mentioned 
above, and make it capable of satisfying the needs. 

FIGURE 1 shows a diagrammatic view through an 
30 example device for optical emission spectrometry on 



B13409.3 PV 



13 



laser produced plasma according to the invention and 
adapted to the microanalysis of MOX pellets. 

As we have already seen, the nature of the test 
pieces to be analysed is different. One of the test 
5 pieces (the unbaked compound) is brittle, while the 
second (the sintered compound) is a dense material and 
is difficult to ablate. The device in FIGURE 1 is 
designed specifically for satisfactorily ablating 
sintered test pieces and unbaked pellets. 
10 This device is intended for the analysis of MOX 

pellets such as pellet 2 and comprises a plate 4 on 
which the pellet is placed. It is a plate capable of 
micro-displacements along two perpendicular directions 
X and Y. 

15 The device also comprises a pulsed laser 6, a 

diaphragm 8, a convergent lens 10, a focusing objective 
12, an optical fibre 14, a spectrometer 16 equipped 
with a detection system 18 and a computer 20 equipped 
with a display screen 22. 

2 0 All these components will be described in more 

detail later. 

The choice of the wavelength of the laser used 6 
is imposed by the nature of the materials to be 
analysed. It is a laser that emits in the ultraviolet 
25 to obtain the best laser-material coupling for ablation 
of materials. 

In the example considered, the laser 6 is a solid 
Nd-YAG laser with frequency quadrupling, capable of 
emitting laser pulses with a duration of a few 
30 nanoseconds. Its wavelength is equal to 266 nm. At 
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this wavelength, it is capable of "depositing" powers 
per unit area greater than 10 GW/cm 2 . 

The choice of operation in "mono firing" (in other 
words using a single laser pulse to create each impact) 
5 necessitates a very stable energy in each pulse 
(relative energy variation not exceeding 5%). 

This need means that a compact low energy laser 
(about 2 mJ at 266 nm) should be chosen providing 
sufficiently stable energy. 
10 The energy deposited on the target is less than a 

few hundred microjoules due to the spatial filtering. 

This energy, focused on areas of a few jjm 2 , makes 
it possible to achieve sufficient irradiance (power per 
unit area) for ablation of the sintered MOX pellet. 
15 Furthermore, the compactness of the laser 

facilitates its integration into an industrial 
environment . 

Its ability to operate in a stable and 
reproducible manner at a frequency equal to or greater 
20 than 15 Hz makes it possible to acquire maps at the 
rate necessary for inspection of the MOX pellet 
manufacturing process. 

The beam 24 emitted by laser 6 is spatially 
filtered by the diaphragm 8; the aperture of this 
25 diaphragm may be smaller than the aperture of beam 24, 
and capable of selecting the central part of this beam 
24. If necessary, the beam diameter may be adapted 
using a telescope type optical set-up. 

Note that this beam is not focused in the plane of 
30 the diaphragm. 



B13409.3 PV 



15 



For example, the convergent lens 10 consists of a 
convergent compound lens that projects the image of 
diaphragm 8 to infinity. 

The laser beam thus obtained is then directed by a 
5 dielectric mirror 26 onto the focusing objective 12 
designed to focus this laser beam onto the pellet 2. 

It is a refractive microscope objective assembled 
without glue, antiref lection treated for reflections at 
the emission wavelength of the laser 6 (266 nm in the 
10 example considered) and capable of resisting the light 
flux output from laser 6 without damage. 

Note that the image of diaphragm 8 projected to 
infinity by lens 10 is applied to the objective 12, and 
this objective focuses this image onto the pellet 2. 
15 Furthermore, the assembly formed by the diaphragm, 

the lens 10 and the objective 12 satisfies the 
following conditions: 

- the image of the diaphragm focused on the pellet 
is equal to the required dimension on this pellet and 
20 - the focal point of the laser beam passes through 

the diaphragm, the lens 10 and the objective 12, and is 
then outside the image plane of the diaphragm. 

This objective 12 also has a large digital 
aperture, greater than or equal to 0.1. This choice 
25 prevents interaction of the laser beam with the plasma 
2 8 generated during laser ablation. 

This interaction phenomenon causes fluctuations in 
plasma production and reduces the reproducibility 
performances, which is not good for the production of 
30 quantitative maps. 
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Furthermore, this objective 12 has an optical 
resolution of 1 jjm such that the image of the diaphragm 
can be focused on the surface of the pellets without 
any significant optical aberration. These 
5 characteristics are important to achieve focusing of 
the laser beam on a diameter of 3 jjm. This spatial 
resolution of the analytic probe is necessary to be 
able to quantitatively describe objects with a size of 
10 jjm. 

10 This type of lens associated with the ablation 

wavelength of 266 nm and with a minimum irradiance of 
10 GW/cm 2 , is a technical solution that enables 
controlled and localized ablation of sintered 
materials . 

15 The objective 12 is supported by a microscope 

frame, not shown. This focusing objective 12, 

associated with the diaphragm 8 that is placed at the 
focal point of the lens 10 - objective 12 assembly, is 
capable of achieving ablation craters with a diameter 

20 of 1 jum or less. 

The position of the pellet 2 at the focal point of 
the laser beam is checked by viewing the area of this 
pellet 2 through the mirror 26 using a CCD camera 32 
associated with a display screen 34 and located above 

25 the dielectric mirror 26 that is treated at the laser 
wavelength . 

The focusing plane of the CCD camera coincides 
with the focusing plane of the laser beam. 

The lens 36 located between the mirror 2 6 and the 
30 camera 32 is used to produce the image of the surface 
of the test piece on the camera 32. 
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This camera 32 is used to select the area to be 
analysed and to place the surface of the test piece on 
the plane of the image of the diaphragm 8 formed by the 
objective 12 . 

5 The pellet to be analysed 2 is placed with an 

accuracy of one micrometer on the microdisplacement 
plate fitted with motor drive along the two 
perpendicular axes X and Y. 

Displacement in the XY plane is a means of 
10 choosing the area to be mapped and mapping the pellet. 

After each laser pulse, the plate is moved 
automatically by a predefined distance (measurement 
pitch). The laser impacts may be adjacent 

(displacement equal to the diameter of the ablation 
15 crater) or not adjacent, depending on the chosen pitch. 

The plate displacement may be controlled using a 
positioning control handle (not shown) or directly by 
control software contained in the computer 20. 

The displacement frequency of the plate between 
2 0 two measurement points is greater than or equal to 
15 Hertz. This displacement frequency is one of the 
important characteristics of the device in FIGURE 1, 
since it can be used to make inspections of the MOX 
pellet fabrication process with a sufficiently large 
2 5 number of test pieces. 

The optical emission of the plasma 28 is collected 
by the optical fibre 14, one end of which is held in 
place by means not shown and is placed close to the 
formation area of the plasma 2 8 produced by interaction 
30 of the laser beam with the pellet 2. The other end of 
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the optical fibre is connected to the input of the 
optical spectrometer 16. 

The resolution of this spectrometer 16 is high: 
the full width at half maximum of the peaks that it 
5 produces is greater than 0.05 nm. This type of 
resolution is necessary for the analysis of plutonium 
and uranium emission spectra, since these spectra 
contain a large number of lines . 

Collection of light using an optical fibre makes 

10 it possible to work remotely and avoids the need for 
the user of the device to be close to the area in which 
radioactive test pieces are handled at all times. This 
collection mode contributes to the safety of the 
technique for analysis of MOX pellets according to the 

15 invention. 

The spectrometer 16 is coupled to the detection 
system 18 that is composed of a CCD camera equipped 
with an intensifier. The spectral range accessible 
with this detection system 18 varies from 190 nm to 

20 800 nm. The spectral measurement window is equal to 
about 10 nanometers. 

A pulse generator 19 opens the camera 
intensification door of the system 18 after a timeout 
that is chosen as a function of the laser pulses. 

25 The laser 6, the micro-displacement plate 4, the 

spectrometer 16 and the detection system 18 are 
controlled using the computer 2 0 that is equipped with 
an appropriate control software. 

The required performances cannot be achieved 

30 without an appropriate measurement sequence. The 
detection system 18 makes a measurement only during a 
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measurement time interval determined after each pulse 
emitted by the laser (for time resolution reasons). 
The choice of this measurement interval is very- 
important for the application considered in this case 
5 (analysis of MOX fuel pellets). 

A very bright plasma (spark) is created at the 
beginning of the laser-material interaction, and the 
optical signal from this plasma cannot be used. The 
measured optical emission from the elements becomes 

10 unusable after the end of this black body radiation 
emission, with a continuous wavelength. 

Maps of MOX pellets are made using a spatial 
resolution of 3 ptm and are obtained at a measurement 
interval or "gate" from 100 ns to 1 jjs , this "gate" 

15 being opened for 10 ns to 500 ns after emission of a 
laser pulse. 

After the emission due to the impact of this laser 
pulse on the pellet 2 has been detected, the computer 
2 0 sends a displacement order to the plate 4. Once 

20 this displacement has been made, a new measurement 
sequence is started. 

The software installed on the computer 20 can be 
used to select the median wavelength of the spectrum to 
be recorded and to choose the dimension of the area to 

2 5 be analysed, and the measurement pitch. 

This software records the spectrum over a spectral 
range of about 10 nm each time that the laser is fired. 
The optical emission lines that are characteristic of 
uranium and plutonium can then be used. 

30 Means comprising a duct 38 are provided to project 

a jet of a gas such as argon towards the surface of the 
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analysed pellet 2 to increase the plasma optical 
emission signal. 

Document [1] mentioned above contains more 
information about this subject. 
5 As a result, the intensity of the optical emission 

lines can be multiplied by a coefficient of 10 or more 
(2.5 to 3 for a microplasma - see document [1]) compared 
with optical spectrometry in a natural atmosphere 
without an argon jet. 

10 Note that a calibration is made to determine the 

relation between the intensity of the emission signal 
and the concentration of the chemical elements in the 
analysed pellets. This sampling is checked daily to 
make sure that the measurements made are accurate. 

15 This calibration is made using reference test 

pieces of sintered MOX pellets. These test pieces are 
produced by mixing oxide powders according to a 
fabrication process that can give sufficiently uniform 
reference test pieces. 

20 The calibration is made by making about a hundred 

measurements using successive laser pulses, distributed 
at random on the surface of reference test pieces. 

The dispersion of the measurements is of the order 
of the dispersion of the technique used, in other words 

2 5 about 4% to 5%. 

The spectrum usage software determines the value 
of gross and net intensities of the emission lines 
selected in the spectral measurement range. 

The calibration curves are drawn up with the 

30 values of the intensities of emission lines of each 
chemical element or intensity ratios of emission lines 
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of the two elements (Pu and U) contained in the 
pellets . 

For each laser impact, the intensity values of the 
lines (or the line ratios) are transformed into 
5 absolute concentrations making use of calibration 
curves . 

The concentration distribution of each chemical 
element at the pellet surface is converted into a 
coloured image by an image processing software. 
10 Each concentration range is represented by a 

colour . 

The elementary maps of mixed oxide pellets Pu0 2 /U0 2 
are produced using a device according to the invention, 
this device being adapted to the manipulation of radio 
15 elements. 

The focusing objective 12 and the 
microdisplacement plate 4 are then placed in a 
confinement containment, for example a glove box. 

FIGURE 2 shows a diagrammatic view of such a 
20 device that can be used to make elementary maps of 
mixed Pu0 2 /U0 2 pellets. 

This figure shows the components described above 
with reference to figure 1. Furthermore, the device 
shown in figure 2 comprises: 
25 - a first confinement containment 4 0 into which 

the pellets that are to be analysed are entered, and 

- a second confinement containment 42 connected to 
the first containment 40 through an airlock 44 that is 
used to transfer a pellet to be analysed from 
30 containment 4 0 to containment 42. 
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The second containment 42 contains the focusing 
objective 12 and the microdisplacement plate 4. 

Each pellet is put back into containment 4 0 after 
having been measured with the device. 
5 FIGURE 2 also shows the ducts 4 6 and 4 8 connecting 

the laser 6 and the camera 32 to the second containment 
42 . 

The duct 4 6 contains the diaphragm 8 and the lens 
10, and the duct 48 contains the mirror 26 and the lens 
10 36 . 

A sealed confinement wall 50 presses around the 
periphery of the objective 12 isolating the inside of 
the containment 42 of these ducts 46 and 48, while 
allowing the laser beam to pass as shown in FIGURE 2. 

15 The invention is not limited to the inspection of 

MOX fuel pellets. It is applicable to the elementary 
analysis of any test piece or object for which it is 
required to know the component elements with impact 
size resolutions of up to 1 jum. 

20 For information, and in no way restrictively : 

- the aperture of the diaphragm is circular and 
its diameter is 250 jum, 

- the focal length of the lens 10 is 1000 mm, 

- the digital aperture of the microscope objective 
25 12 is close to 250, and its magnification is determined 

as a function of the required diameter for the impact 
points . 
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CLAIMS 

1. Elementary analysis device by optical emission 
spectrometry on laser produced plasma, this device 
being characterized in that it comprises: 

- a pulsed laser source (6) 

5 - a diaphragm (8) usable for selecting part of the 

laser beam emitted by the source, and possibly 
delimiting the shape of the impact of the laser beam on 
an object to be analysed (2), this laser beam not being 
focused in the plane of the diaphragm, 
10 - first optical means (10) capable of projecting 

the image of the diaphragm to infinity, 

- second optical means (12) designed to receive 
the image of the diaphragm projected to infinity by the 
first optical means and focusing it on the object to be 

15 analysed to produce plasma (28) on the surface of this 
object, the assembly formed by the diaphragm and the 
first and second optical means also satisfying the 
following conditions: 

v the image of the diaphragm focused on the 

20 object is equal to the required dimension on this 
object 

v the focal point of the laser beam, after 
crossing through the diaphragm and the first and second 
optical means, is outside the image plane of the 
25 diaphragm, 

- means (16, 18) of analysing a light radiation 
spectrum emitted by the plasma, and 
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means (20) of determining the elementary 
composition of the object starting from this spectrum 
analysis . 

5 2. Device according to claim 1, in which the 

second optical means (12) have a digital aperture equal 
to approximately 0.1 or greater. 

3. Device according to either of claims 1 and 2, 
10 in which the impact size of the laser beam on the 

object is greater than or equal to 1 jum. 

4. Device according to any one of claims 1 to 3 , 
in which the displacement frequency of the object (2) 

15 between two laser pulses of the source (6) is greater 
than or equal to 15 Hz. 

5. Device according to any one of claims 1 to 4 , 
in which the source (6) is capable of emitting 

20 ultraviolet light. 

6. Device according to any one of claims 1 to 5 , 
in which the relative variation of energy between 1 
laser pulse and the next does not exceed 5%. 

25 

7. Device according to any one of claims 1 to 6 , 
in which the diaphragm ( 8 ) comprises a circular 
aperture capable of selecting the central part of the 
laser beam output from the laser source, the first 

30 optical means are refractive optical means, and the 
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second optical means are refractive optical means 
comprising a microscope objective (12). 

8. Device according to claim 7, in which the first 
5 and second optical means (10, 12) are anti-reflection 

treated for reflections at the wavelength of the light 
emitted by the laser source (6). 

9. Device according to any one of claims 1 to 8, 
10 also comprising means (38) of blowing a gas jet onto 

the object (2 ) . 

10. Device according to any one of claims 1 to 9 , 
also comprising: 

15 - means (32) of observing the object, so that the 

object can be placed in the image plane of the 
diaphragm and 

- a mirror (26) reflecting at the wavelength of 
the laser source and transparent at other wavelengths, 

20 this mirror being placed on the light path between the 
first and second optical means and designed to reflect 
almost the entire laser beam to these second optical 
means and to transmit an image of the object to the 
observation means 
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ABSTRACT OF THE DISCLOSURE 



Elementary analysis device by optical emission 
spectrometry on laser produced plasma 

This device comprises a pulsed laser source (6), 
means (8, 10, 12) for focusing light from this source 
onto an object to be analysed (2) to produce plasma on 
the surface of the object, means (16, 18) of analysing 
5 a plasma radiation spectrum, means (20) of determining 
the elementary composition of the object from this 
analysis, and possibly means (4) for displacing the 
object. The invention is particularly applicable to 
test radioactive materials. 

.0 

Figure 1. 
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